We simulate the Wigner Effect of the nuclear-grade graphite for the High Temperature Gas-cooled Reactor (HTGR) operation environment. The graphite was artificially irradiated with 3MeV C 2+ ion to mimic the fast neutron-radiation damage of the HTGR core environment. In a high vacuum environment of 10 -7 torr, the irradiation temperatures were controlled in the range of 600 to 900 . Due to the high-dosages radiation, enormous amounts of Frenkel pairs are created, and these defects induce the swelling of lattice spacing. Those vacancies and interstitials form new strain fields and store energy in the distorted crystalline structure. We quantify the structural integrity of the graphite with/without irradiation via synchrotron X-ray diffraction experiments. The synchrotron X-ray diffraction experimental results, gauged from bulk specimens, reveal the texture reorientation and microstructure development subjected to the combination of the irradiation and high temperature effects. A correlation between lattice strain and irradiation effect is developed. The deformation mechanisms are revealed.
Introduction
This project is a follow-up research based on our earlier results of "A Study of Nuclear-grade Graphite Microstructure Subjected to Ion Irradiation at High Temperature". We further extend our approaches with the synchrotron x-ray experiments. High temperature gas-cooled reactor (HTGR) system is one of the potential facilities for Generation IV power plants [1] . The environment temperature of HTGR is about 600 to 1000 . The materials selected in the reactor should be with capable mechanical property at high temperature.
Among the high-temperature materials, graphite can decelerate fast neutrons into thermal neutrons because of its low absorption cross section, low mass number and with high-temperature resistance [2] . All of the aforementioned properties are very useful for the HTGR applications. The melting point and boiling point of graphite are much higher than that of the HTGR operation temperature, which could be as high as 4,278 . Furthermore, graphite has low thermal expansion coefficient, which reduces the fluctuations of the volumes during the heat-cooling thermal cycles. Hence, graphite is widely used as a moderator in the nuclear reactors.
In the HTGR environment, the neutron collision with the atoms of the materials is called irradiation effect. The irradiation effect induces the graphite damage and causes the undesirable changes in internal energy, microstructures and physical properties, which is called Wigner effect [3] . To understand Wigner Effect of the graphite is very important for the nuclear power plants because nuclear-grade graphite is a key component for moderator and reflector in the fission reactor.
3 MeV-C 2+ ion implantation was used to simulate the neutron-irradiation damage on HTGR under core environment. Moreover, the ion implantation was applied because it can create the same level of irradiation damage within much shorter time. We focus on the ion irradiation damage effect on graphite under high temperature environment. This research use synchrotron X-ray diffraction (XRD) to examine the microstructure of the graphite before and after irradiation. Although there are many traditional XRD results about dimensional change since 1956 [4] , we are interested in the 2-D pattern of diffraction rings. The energy of synchrotron XRD is about 1000 times greater than that of general in-house XRD. Hence, the sychrotron XRD can much greater penetrate thickness of the sample to gauge the transmission results. Moreover, the 2-D image plate enables us to reveal the microstructure in 360 degree as a function of the azimuth angle.
Materials and Methods
We selected the nuclear-grade ATR-2E graphite in this research. The properties of ATR-2E are listed in the Table 1 [5] . The ATR-2E graphite has the highest end-of-life fluence, a low initial shrinkage rate, and a medium maximum shrinkage at a high fluence. 
Ion-implantation
First, we carried out the Stopping and Range of Ions in Matter (SRIM) simulation to estimate the energy and the numbers of the implanted ions of the un-irradiated sample. We also simulate the depth and concentration distribution subject to implant particles as a function of implant-energy levels. SRIM is based on the Monte Carlo simulation. The simulation results indicate the relationship between the displacement per atom (dpa) and the depth of incident ion in Fig. 1 .
Secondly, the irradiation experiments were carried out at the 0SDH-Tandem Accelerator irradiation facility at National Tsing Hua University. We implanted 3MeV C 2+ ions to create the same level of the radiation damage induced by neutrons based on the SRIM simulation. In order to reduce the chemical reaction with target, we chose C 2+ ions because of chemical stability. Because the environments temperatures of the HTR-10 core are 500 to 900 , we selected 600 and 900 as the irradiated graphite temperatures. 
Synchrotron X-ray diffraction.
We applied the synchrotron X-ray diffraction experiments to characterize the structure of the graphite. The experiments were carried out at the beamline 11ID-C of the Advanced Photon Source (APS), Argonne National Laboratory (ANL), and USA. The monochromatic synchrotron high-energy X-ray beam with energy of 100 KeV penetrated the specimens, and the transmission-diffraction patterns were collected by a two-dimensional (2D) detector positioned at about 100 cm away from the specimen stage as shown in Fig. 2 . We integrate the diffraction rings from 360 degree of azimuthal angle (Fig. 3.) .
Results and Discussion
We selected three graphite samples for the synchrotron X-ray diffraction experiments. One is before irradiation and others are after irradiation at 600 and 900 , respectively. We characterize their diffraction profile before and after the irradiation. Figure 4 presents the integrated X-ray patterns along the azimuthal angles of these samples. The Square ( ) profile is the diffraction of the sample before the irradiation. The triangle ( ) and circle ( ) patterns are the diffraction intensity profiles of the sample after the irradiation at 600 and 900 , respectively. All of the diffraction profiles demonstrate that the samples are in a hexagonal-close-packed (HCP) structure. The first sixth diffraction peaks are identified as the (0002) peak from the basal plane(c-axis), the ) 0 1 10 ( peak, the ) 1 1 10 ( , (0004), ) 0 2 11 ( from a-axis and ) 2 2 11 ( peaks. With Gaussian-peak fitting, the d-spacing of these peaks included the reference ( ) at room temperature, 600 and 900 and the irradiation ( ) at 600 and 900 , respectively (Fig. 4) . Because the synchrotron x-ray penetrates the specimen, the diffraction results gauge the sample much deeper and more than the irradiation depth. The results show that the irradiation only changes locally and epitaxially of the irradiated graphite as simulated in Fig. 2 , but not the bulk-averaged results as measured from the highly-penetrated synchrotron X-ray experiments. Although the difference between reference and irradiation condition is small, the d-spacing are decreasing to 3.3758Å and 3.3740Å at 600 without and with irradiation, respectively. However, as the environment temperature raises to 900 , the d-spacing of the samples with and without irradiation increase to 3.3761 Å and 3.3744 Å, respectively. To estimate the degree of graphitization (DOG: g) from the lattice parameter c, XRD measurements with a Cu K radiation are conducted following Iwashita et al. [6] procedure to compare the changes of lattice parameters using X-ray diffraction. The DOG is calculated following Eq. (1).
The lattice parameters a and c measured by XRD, and the degree of graphitization are summarized in Table 2 . The results of DOG reveal that the crystalline of ATR-2E at room temperature is less than the standard graphite. Because the DOG of 600 sample is greater than that of the reference, the level of crystallinity seems to be in proportional to the environmental temperature. Moreover, the DOG increases after irradiation, it suggests that the irradiation effect enhances the graphitization. Table 2 . Lattice parameter a, c, and the degree of graphitization (DOG: g) of the reference and irradiation condition. We further analyzed the d-spacing results by fitting the Debye-ring patterns in azimuthal orientation every 30° apart of (0002)-plane data. There are almost no differences. Hence, the sample is isotropic before irradiation effect, which agrees with M.I. Heggie et al's simulation phenomenon [7] .
